Hydroxylation of specifically deuterated limonene enantiomers by cytochrome p450 limonene-6-hydroxylase reveals the mechanism of multiple product formation.
The regiochemistry and facial stereochemistry of the limonene-6-hydroxylase- (CYP71D18-) mediated hydroxylation of the monoterpene olefin limonene are determined by the absolute configuration of the substrate. (-)-(4S)-Limonene is hydroxylated at the C6 allylic position to give (-)-trans-carveol as the only product, whereas (+)-(4R)-limonene yields multiple hydroxylation products with (+)-cis-carveol predominating. Specifically deuterated limonene enantiomers were prepared to investigate the net stereospecificity of hydroxylation at C6 and the mechanism of multiple product formation. The results of isotopically sensitive branching experiments of competitive and noncompetitive design were consistent with a nondissociative kinetic mechanism, indicating that (4R)-limonene has sufficient freedom of motion within the active site of CYP71D18 to allow formation of either the trans-3- or cis-6-hydroxylated product. However, the kinetic isotope effects resulting from deuterium abstraction were significantly smaller than expected for an allylic hydroxylation, and they did not approach the intrinsic isotope effect. (4S)-Limonene is oxygenated with almost complete stereospecificity for hydrogen abstraction from the trans-6-position, demonstrating rigid orientation during hydrogen abstraction and hydroxyl delivery. The oxygenation of (4R)-limonene leading to the formation of (+/-)-trans-carveol is accompanied by considerable allylic rearrangement and stereochemical scrambling, whereas the formation of (+)-cis-carveol proceeds without allylic rearrangement and with nearly complete stereospecificity for hydrogen abstraction from the cis-6-position. These results demonstrate that a single cytochrome P450 enzyme catalyzes the hydroxylation of small antipodal substrates with distinct stereochemistries and reveal that substrate-dependent positional motion of the intermediate carbon radical (and, therefore, hydroxylation stereospecificity) is determined by active-site binding complementarity. Thus, epimerization and allylic rearrangement are not inherent features of these reactions but occur when loss of active-site complementarity allows increased substrate mobility.